Abstract-A compact memristor emulator circuit is presented. The purpose is to mimic the behavior of a memristor or memristive devices. This circuit consists of a summing amplifier, an integrator and a voltage multiplier circuit. Simulation has been performed using ADS and commercial components. As a result, memristive behavior up to 16 kHz is observed. Since one of the memristor's properties is nonvolatility, audio frequency range signals can be stored in memristor based memories.
I. INTRODUCTION
The concept of memristor was proposed by Leon O. Chua in 1971 [1] . It is a passive element which can retain information of previously applied input signals. The first model which mimics a memristor was built by Stanley Williams of HP in 2008 [3] . Two of the important properties of a memristor are non-volatility and high switching speed. Hence, it finds application in neuromorphic circuits to mimic the function of brain synapses, as a crossbar array for memories, in programmable amplifier circuits and in novel implementations of security features for data security. However, because of the very small dimensions of memristors, fabrication at nanometer scale has been difficult and expensive. Hence, emulation circuits which mimic the behavior of the memristor are employed.
A number of circuits have been proposed which emulate memristor or memristive devices. The emulator circuit shown in [5] uses a current mirror to provide an input current to a capacitor and resistor. An analog multiplier is used to multiply the voltage across the R and C and feed it back to the noninverting terminal of an op-amp. However, this circuit uses separate current mirrors for positive and negative input currents. Also, a buffer is used to prevent discharge of the capacitor, leading to higher power consumption. In another type of circuit, proposed in [6] , a microcontroller is used to control the variable terminal of a digital potentiometer. The microcontroller compares the voltage across fixed terminals of the digital potentiometer, which is read through an ADC, to pre-programmed values based on equations for memristance calculation, and the resistance value is updated accordingly, thereby changing the position of the wiper terminal. The advantage of this circuit is its low supply voltage of 5V in comparison to most of the circuits which require 15V.
978-1-4673-7980-9/15/$31.00 ©2015 IEEE A memristor emulator based on a Light Dependent Resistor (LDR) is presented in [7] . The purpose is to control the conduction of a photocell, which acts as a remotely controlled resistor, using a light-emitting diode (LED). The constraint on the circuit is to limit the conduction of the photocell to the linear region. In another circuit, a JFET is used such that it operates in linear region [8] . The change in resistance is determined by the Gm-VGS relation. The limitation of this circuit is its use of a manually controlled potentiometer and the constraints placed on the operation of the JFET.
In this paper, a compact memristor emulator circuit is proposed, which is made of purely analog blocks, does not require an external potentiometer, and can show memristive characteristics up to high frequencies. The paper is organized as follows: Section II provides a background on memristors, Section III explains the proposed circuit, results are discussed in Section IV, and Section V concludes the paper.
II. BACKGROUND
While voltage (V), current (I), charge (Q) and magnetic flux (Φ) are related to one another through the passive elements R, L and C, a direct relationship between charge (Q) and flux (Φ) is found in a memristor. As its name suggests, a memristor retains the information of previously applied input signals. The memristance M(q), measured in Ohms, is given by-
The memristor is fabricated using TiO2 and TiO2-x [3] and its simplified structure is shown in Fig. 1 . As the input signal changes, due to the change in the position of oxygen vacancies, the equivalent resistance of the device changes. When a large positive voltage is applied, the memristor has a very low resistance and high conductance (because of a high concentration of carriers). When a negative voltage is applied, the memristor exhibits high resistance and low conductance (due to a high concentration of oxygen vacancies).
The relationship between the applied voltage and the current through the device is given by (2) where w is the internal state variable which is dependent on the position of the oxygen vacancies. The boundary between the doped and undoped regions changes with regards to the input signal. This occurs because of movement of the oxygen vacancies. The reason for this is the strong electric fields in the memristor. The dimensions of memristor are in the order of nanometers and hence applying a small voltage (mV) can generate fields on the order of kV/cm. Fig. 2 shows the characteristic pinched hysteresis loop. For a sinusoidal input signal, the net flux in the device over a cycle is zero causing the memristance value to be unchanged [2] . As the input signal frequency increases, the oxygen vacancies are not mobile enough to move around. Hence the curve reduces to a straight line at higher frequencies and the device acts as a resistor, as shown in Fig. 3 . Fig. 3 . Memristor characteristics at high frequencies Some of the important properties of memristor are 1) nonvolatility: the memristance does not change when the input signal is removed; 2) dynamic response: the boundary between the doped and undoped regions changes with regards to input; 3) high density: due to its small size, integrating more devices on a die is possible; and 4) low energy consumption [4] : the device consumes very low energy while switching between its on and off states. Also, the memristance depends on 1) amplitude of the input signal, 2) frequency of the applied signal, 3) duration of the applied input signal and 4) duty cycle.
III. PROPOSED MEMRISTOR EMULATOR CIRCUIT
The block diagram of the proposed circuit is shown in Fig.  4 . The circuit consists of a summing amplifier, an integrator and a voltage multiplier. The commercial component used for the op-amp is the TL082CP, a dual JFET input op-amp from TI, and the component used as the voltage multiplier is AD633ANZ, an analog multiplier from Analog Devices.
Fig. 4. Memristor Emulator Circuit
As the input voltage increases, the output of the summing amplifier increases with an opposite sign. The purpose of the integrator is to accumulate the input voltages. The output of the integrator is a delayed and inverted output of the summing amplifier. The delay is determined by R4 and C1. The output of the multiplier is fed back to the summing input. The component used (AD633ANZ) has a scaling voltage reference of 10V. When both the outputs of the summing amplifier and the integrator are either positive or negative (i.e. of equal polarity), the output of the voltage multiplier is positive and the current through the circuit increases. However, when the output of the summing amplifier and integrator are of opposite signs, the output of the multiplier decreases and the current Iin decreases. The integrator and summing amplifier (sometimes used as buffer) form the core of the majority of emulator circuits. The output of the summing amplifier is given by
The integrator output voltage is given by-
The output of the multiplier Vz is given by-
And the relationship between the voltage Vin and current Iin is given by- (7) Hence, (8) From (3) and (8), a quadratic relation between Iin and Vz is established, which can be represented in a general form- (9) Where, m indicates the memductance of the circuit, while A and B are constants comprising of Rs and Cs.
IV. RESULTS Simulation has been performed using the Keysight ADS tool, and specifications of the commercial components have been used in the model. An input signal of 1V amplitude was applied and the frequency was varied. Fig. 5 shows the results for a 1 kHz frequency input signal. As the input signal frequency increases, we expect the memristor to behave more like a resistor. Fig. 6 shows memristive behavior of emulator circuit at 8 kHz. As the input signal frequency increases, the impedance offered by the capacitance decreases. This leads to lower integrator gain and lower signal levels. Also, the capacitor cannot completely charge or discharge when the input changes rapidly. Hence, at higher frequencies (16 kHz), the memristor characteristics is reduced nearly to a straight line, corresponding to the behavior of a resistor, as shown in Fig. 7 . The op-amp used (TL082CP) has an offset voltage of 3mV (absolute maximum of 15mV). Hence, to prevent saturation of the integrator, an offset compensation circuit, which comprises voltage divider networks, is added during the simulation. Table 1 , the results of the proposed emulator circuit are compared against prior works, demonstrating that the memristive behavior can be retained for higher frequencies.
V. CONCLUSION
In this paper, a novel memristor emulator circuit was designed. The circuit can mimic memristor characteristics up to 16 kHz, after which it behaves as a simple resistor. An offset compensation mechanism was added to prevent saturation in the integrator. The proposed circuit exhibits significant advantages over conventional emulator circuits both in its structure as well as in its capability to store information of signals in the audio frequency range.
